Neutron powder diffraction data, collected over the temperature range 10±770 K, have been analysed in order to make a detailed characterization of the sequence of phase transitions occurring in the Hf-rich ferroelectric PbHf 0.8 Ti 0.2 O 3 , titanium hafnium lead oxide. Over the whole temperature range this compound undergoes two phase transitions, which involve cationic displacements and octahedral deformations (tilt and/ or distortion) leading to strongly distorted perovskite-type structures. The ®rst transition appears around 415 K between two ferroelectric rhombohedral phases: a low-temperature nonzero-tilt phase F RL (space group R3c) and an intermediate zero-tilt phase F RH (space group R3m). The second one, detected around 520 K, is associated with a ferroelectric toparaelectric transition between the F RH phase and the P C cubic phase (space group Pm3 Å m). From high-resolution neutron powder diffraction data (diffractometer 3T2-LLB, Saclay, France, ! = 1.2251 A Ê ), the crystallographic structure of the three successive phases has been accurately determined at the following temperatures: T = 10 K (F RL ): space group R3c, Z = 6, a hex = 5.7827 (1) (1) A Ê 3 . In addition, a neutron powder thermodiffractometry experiment, performed between 290 and 770 K (diffractometer D1B-ILL, Grenoble, France, ! = 2.533 A Ê ), has been used to study in situ the temperature-induced phase transitions. From sequential Rietveld re®nements, the temperature dependence of the cation displacements and the rotation and/or distortion of oxygen octahedra was derived.
Neutron powder diffraction data, collected over the temperature range 10±770 K, have been analysed in order to make a detailed characterization of the sequence of phase transitions occurring in the Hf-rich ferroelectric PbHf 0.8 Ti 0.2 O 3 , titanium hafnium lead oxide. Over the whole temperature range this compound undergoes two phase transitions, which involve cationic displacements and octahedral deformations (tilt and/ or distortion) leading to strongly distorted perovskite-type structures. The ®rst transition appears around 415 K between two ferroelectric rhombohedral phases: a low-temperature nonzero-tilt phase F RL (space group R3c) and an intermediate zero-tilt phase F RH (space group R3m). The second one, detected around 520 K, is associated with a ferroelectric toparaelectric transition between the F RH phase and the P C cubic phase (space group Pm3 Å m). From high-resolution neutron powder diffraction data (diffractometer 3T2-LLB, Saclay, France, ! = 1.2251 A Ê ), the crystallographic structure of the three successive phases has been accurately determined at the following temperatures: T = 10 K (F RL ): space group R3c, Z = 6, a hex = 5.7827 (1), c hex = 14.2702 (4) A Ê , V hex = 413.26 (2) A Ê 3 ; T = 150 K (F RL ): space group R3c, Z = 6, a hex = 5.7871 (1), c hex = 14.2735 (4) A Ê , V hex = 413.98 (3) A Ê 3 ; T = 290 K (F RL ): space group R3c, Z = 6, a hex = 5.7943 (1), c hex = 14.2742 (5) A Ê , V hex = 415.04 (3) A Ê 3 ; T = 440 K (F RH ): space group R3c, Z = 6, a hex = 5.8025 (1), c hex = 14.2648 (4) A Ê , V hex = 415.94 (3) A Ê 3 ; T = 520 K (P C ): space group Pm3 Å m, Z = 1, a cub = 4.1072 (2) A Ê , V cub = 69.29 (1) A Ê 3 . In addition, a neutron powder thermodiffractometry experiment, performed between 290 and 770 K (diffractometer D1B-ILL, Grenoble, France, ! = 2.533 A Ê ), has been used to study in situ the temperature-induced phase transitions. From sequential Rietveld re®nements, the temperature dependence of the cation displacements and the rotation and/or distortion of oxygen octahedra was derived.
Introduction
The series denoted PHT and formulated as PbHf 1 À x Ti x O 3 derives from the PZT family, which is well known for its attractive ferroelectric and piezoelectric properties. As in the PZT binary phase diagram (Jaffe et al., 1971; Viehland, 1995) , the isomorphic solid solution PbTiO 3 ±PbHfO 3 (Jaffe et al., 1955) shows a large variety of phase transitions involving cationic shifts and oxygen octahedra deformations (rotation and/or distortion), leading to strongly distorted perovskitetype structures. Particularly, the Zr-rich PbZr 1 À x Ti x O 3 compounds, for x in the range 0.05±0.47, crystallize at room temperature in rhombohedral symmetry structures noted as F RL and F RH (Jaffe et al., 1971; Ito et al., 1983; Viehland, 1995) .
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The F RL 3 F RH phase transition can be induced either by increasing the Ti content at ®xed temperature or by increasing the temperature for a determined composition.
We report in this paper a detailed characterization of the temperature-induced phase transitions occurring in an Hf-rich PHT, i.e. PbHf 0.8 Ti 0.2 O 3 . Indeed, this compound undergoes two phase transitions: the ®rst occurs around 415 K between the two ferroelectric rhombohedral phases, F RL and F RH , and the second one, detected around 520 K, separates the phase F RH from the paraelectric cubic phase P C .
The most convenient crystallographic description of the rhombohedral phase F RL , space group R3c (No. 161), is that in a hexagonal unit cell with a hex 9 5.78 and c hex 9 14.27 A Ê , corresponding to a doubled`pseudo-cubic' unit cell (Megaw & Darlington, 1975; Glazer et al., 1978) . This structure is de®ned in terms of rotation of the oxygen octahedra about the triad axis and expansion or contraction of the oxygen triangles neighbouring the shifted Hf 4+ /Ti 4+ cations (Glazer et al., 1978; Ito et al., 1983; Noheda et al., 1996; Cereceda et al., 1997) . In the intermediate phase F RH , space group R3m (No. 160), the tilt of the oxygen octahedra vanishes, leading to a non-doubled unit cell along the hexagonal axis, i.e. a hex 9 5.80 and c hex 9 7.13 A Ê , whereas cation shifts and triangle distortions subsist until the ferroelectric to-paraelectric phase transition. Above the Curie temperature T C , the compound crystallizes in a paraelectric cubic perovskite-type structure P C , space group Pm3 Å m (No. 221), with a cell edge of $4.10 A Ê . In this centrosymmetric structure, there are no cationic shifts and no octahedral distortions.
The purpose of this work is: to accurately determine the structures of the phases F RL , F RH and P C from high-resolution neutron powder diffraction data collected at 10, 150, 290, 440 and 520 K; to follow the temperature dependence of the oxygen octahedra deformations and cation shifts through the sequence of phase transitions from a sequential analysis of the neutron powder thermodiffractometry data recorded over the temperature range 290±770 K; to link the observed structural changes to the evolution of the electrical properties.
Experimental

Sample synthesis
The powdered sample was synthesized using a`Chimie Douce' process (Favotto et al., 1996) 
Data collection
High-resolution neutron powder diffraction patterns were recorded on the 3T2 diffractometer at the Orphe Â e reactor at the Laboratoire Le Â on Brillouin (Saclay, France) with an incident wavelength of 1.2251 A Ê . The powdered sample was placed in a vanadium cylinder either in a helium gas¯ow cryostat (data collected at 10 and 150 K) or in a furnace (data collected at 440 and 520 K). Another diagram was also registered at 290 K without a sample environment. The intensities were measured by a bank of 20 3 He cells. Full experimental details are summarized in Table 1 .
Neutron powder thermodiffractometry data were collected on the high-¯ux D1B diffractometer (Institut Laue±Langevin, Grenoble, France) equipped with a ®xed-position-sensitive detector (PSD) formed by a bank of 400 3 He cells. The powder, in a vanadium can, was heated in a furnace under vacuum from 290 to 770 K with a heating rate of 20 K h À1 . Diffraction patterns were registered in the angular domain 30.02±109.82
(2) in steps of 0.2 , with an incident wavelength of 2.533 A Ê . Experimental details are given in Table 2 . 
Fitting procedure
Full-pro®le ®tting re®nements of the high-resolution powder diffraction patterns were performed using the program Fullprof (Rodriguez-Carvajal, 1990) based on the Rietveld method. The experimental pro®les were modelled using a pseudo-Voigt pro®le shape function ( 9 0.2) and the instrumental broadening was described from the Caglioti function (Caglioti et al., 1958) , with three re®nable parameters U, V and W. Systematic error corrections (zero-point shift and asymmetry) were applied; the background was adjusted from a polynomial function and the intensities were corrected for the effects of the sample absorption ("R = 0.15). The following coherent scattering lengths were used: b Pb = 0.940 Â 10 À12 , b Hf = 0.780 Â 10 À12 , b Ti = À0.344 Â 10 À12 and b O = 0.580 Â 10 À12 cm. Taking into account the small amount of an additional phase identi®ed as being HfO 2 , monoclinic space group P2 1 /c (No. 14), Z = 4, a second set of re¯ections has been included in the re®nement. Using the structural model of HfO 2 (Wang et al., 1992) a quantitative analysis of the two phases has been performed. The pro®le parameters were the same as those describing the main phase, except for W which was re®ned independently since the observed pro®les were slightly broadened owing to the small size particles of HfO 2 .
For neutron powder thermodiffractometry data, full pro®le adjustments have been carried out using the program Fullprof (Rodriguez-Carvajal, 1990) . Two sets of re¯ections have also been introduced and simultaneously ®tted. The ®rst set included the Bragg re¯ections of the main phase PbHf 0.8 Ti 0.2 O 3 , the intensities being calculated from a structural model. For the second set, the re¯ections from HfO 2 , no structural model was fed into the re®nement procedure and the experimental pro®les were adjusted using a cellconstrained re®nement only (pattern matching mode). Since the instrumental resolution of D1B is low, experimental pro®les were modelled using a Gaussian pro®le shape function. Sample absorption and systematic errors were corrected, and the background was adjusted from a polynomial function.
Considering the numerous diffraction patterns collected over the temperature range 300±770 K, the program Fullprof (Rodriguez-Carvajal, 1990) ran in a sequential mode which consists of using the resulting re®ned parameters of the preceding pattern as the starting parameters for the next. This mode is an ef®cient procedure to follow the temperature dependence of various crystallographic parameters.
Structural description
In many rhombohedral distorted perovskites, the structural description can be performed in terms of very few parameters related to the octahedron tilt, octahedron distortion and cation shifts. In the case of PbHf 0.8 Ti 0.2 O 3 the two rhombohedral phases F RL and F RH can be described in a common geometrical representation, allowing comparisons and de®ned from four structural parameters, e, d, s and t (Megaw & Darlington, 1975) . The parameter e is related to the tilt angle 3, which indicates the rotation of the oxygen octahedra around the triad axis [tan 3 = 4(3) 1/2 e]. The distortion of the oxygen octahedra, keeping the triad axis symmetry and making the sizes of the upper and lower faces different, is described from the parameter d. Finally, the shifts of the Pb 2+ and Hf 4+ /Ti 4+ cations along the ferroelectric axis are respectively derived from the parameters s and t.
In the low-temperature phase F RL , space group R3c, the oxygen octahedral tilting implies a`pseudo-cubic' unit cell with doubled edge lengths. With respect to the hexagonal axes, the corresponding lattice parameters are a hex 9 5.78 and c hex 9 14.27 A Ê with Z = 6 (doubled hexagonal cell height). The atomic coordinates are given in Table 3 (Megaw & Darlington, 1975) .
In the intermediate phase F RH , space group R3m, there is no octahedron tilt and the parameter e is set to zero. The rotation vanishes, the doubled unit cell along the hexagonal axis is not necessary and the structural description should be performed with lattice parameters a hex 9 5.80 and c hex 9 7.13 A Ê . However, in order to compare the two phases F RL and F RH , it is easiest to keep the structural model in the doubled hexagonal cell. The symmetry operators of space group R3c were used, but a restriction was inserted for O-atom positions, i.e. y O = 2x O . This restriction introduces mirror planes not given by the space group and containing the threefold axis and each O atom (Megaw & Darlington, 1975; Glazer et al., 1978; . Space groups R3c and R3m allow an arbitrary choice of the origin. With the O atoms forming a set of equally spaced planes normal to the triad axis, the origin is chosen midway between these planes, i.e. at the centre of mass of an oxygen octahedron.
In the structural re®nements presented below, four atomic position parameters were re®ned for the phase F RL (z Pb = 1/4 + s, z Hf/Ti = t, x O and y O ) and only three for the phase F RH (z Pb = 1/4 + s, z Hf/Ti = t and y O = 2x O ). With the choice of the origin, s and t give the cationic shifts relative to the oxygen octahedra. For the paraelectric cubic perovskite structure, the usual atomic positions described in space group Pm3 Å m were checked in the re®nement (Table 3) .
High-resolution neutron powder diffraction
Taking into account the small amount of an additional phase of HfO 2 , the corresponding diffracted intensities have been calculated from the monoclinic structural model given by Wang et al. (1992) in space group P2 1 /c. Lattice constants, atomic coordinates and independent isotropic atomic displacements parameters were re®ned together with the scale factor. From the ratio of the scale factors of the two phases, a quantitative phase analysis has been performed (Hill & Howard, 1987) : a fraction of 8.0% (AE 0.5%) in mass of HfO 2 has been determined for all the temperatures.
Ferroelectric rhombohedral phases F RL and F RH
High-resolution neutron powder diffraction diagrams, collected at 10, 150 and 290 K, were ®tted from the structural model described above. At the beginning of the re®nement, the cell parameters, atomic positions and an overall isotropic atomic displacement parameter were simultaneously re®ned with the scale factor, the pro®le parameters and the polynomial function describing the background. Then, the chemical occupancy on the Hf/Ti site was optimized together with independent isotropic atomic displacement parameters. At the end of the re®nements, the Hf chemical occupancy was equal to 0.80 (1), a value which is in good agreement with the EDS analyses. Structural results are given in Table 4 and the corresponding bond lengths are calculated in Table 5 . Structural re®nement including the two phases leads to satisfactory reliability factors: R Bragg = 0.021 and R F = 0.013 at 10 K; R Bragg = 0.024 and R F = 0.016 at 150 K; R Bragg = 0.031 and R F = 0.025 at 290 K. Fig. 1(a) shows the observed and calculated neutron diffraction pro®les and their difference curve at 10 K.
Following the previous work performed on the parent compound PbHf 0.4 Ti 0.6 O 3 (Muller et al., 1999) , for which a cationic splitting has been evidenced on the Hf/Ti site, some attempts have been performed to separate Hf and Ti atoms (their atomic displacements parameters being constrained). Firstly, a shift z has been introduced between the two cations, in the range À0.10 to +0.10. Compared with PbHf 0.4 Ti 0.6 O 3 , no well marked minimum of the reliability factors versus z was Table 3 Structural descriptions given in the rhombohedral space groups R3c and R3m (in the hexagonal axes) and in the cubic space group Pm3 Å m (Megaw & Darlington, 1975) .
² Description using the symmetry operators of space group R3c with a hexagonal cell of height c hex 9 14 A Ê .
observed and the atomic displacement parameters showed no signi®cant variations. In a second step, the two atomic positions of Hf and Ti cations were independently re®ned: the resulting re®nements bring to light a splitting, the Ti 4+ cations drastically moving off-centre of the octahedra. This observation corroborates previous results obtained on the PZT or PHT series (Muller et al., 1999) . However, no signi®cant improvement was obtained and the resulting cationic shifts do not present a relevant and physically acceptable thermal behaviour.
Another interesting point is related to the high value of the isotropic atomic displacement parameters associated with the heaviest atoms of the structure, i.e. Pb 2+ cations. When anisotropic displacements parameters are re®ned, the ®ts are signi®cantly improved (R Bragg = 0.019 and R F = 0.012 at 10 K; R Bragg = 0.021 and R F = 0.013 at 150 K; R Bragg = 0.026 and R F = 0.021 at 290 K) and disc-shaped ellipsoids with the smallest axis parallel to the ferroelectric axis are exhibited. This result seems to indicate a Pb disorder perpendicular to the ferroelectric axis in the F RL phase. The anisotropic displacement parameters are not correlated with the other parameters since cationic shifts along the ferroelectric axis remain unchanged within the error bars. Such a phenomenon has already been observed in the rhombohedral phases of the PZT series (Glazer et al., 1978; Ricote et al., 1998) . A way to describe this disorder is to displace Pb atoms from their high-symmetry positions (0, 0, z) to one of the six equivalent (x, y, z) positions, thus allowing the Pb atoms to shift not only along the ferroelectric axis but also perpendicularly to this direction. Using this description the re®nements quickly converged with reliability factors very close to those obtained when anisotropic atomic displacements are re®ned. The resulting parameters are: x Pb = 0.018 (1), y Pb = 0.011 (7), z Pb = 0.2835 (1) and B iso [Pb] = 0.34 (3) A Ê 2 at 10 K; x Pb = 0.026 (1), y Pb = 0.015 (4), z Pb = 0.2820 (1) and B iso [Pb] = 0.52 (4) A Ê 2 at 150 K; x Pb = 0.031 (2), y Pb = 0.021 (4), z Pb = 0.2793 (2) and B iso [Pb] = 1.15 (6) A Ê 2 at 290 K. These re®nements provide realistic atomic displacement parameters and clearly show that the shifts perpendicular to the axis increase along with the temperature.
For the neutron diffraction pattern recorded at 440 K (Fig. 1b) , the symmetry operators of the space group R3c were used and the oxygen atomic positions x O and y O were constrained by the condition implying a structure factor equal to zero for the superstructure re¯ections. This restriction explains the extinction of the weak re¯ections arrowed in Fig. 1(a) .
Introducing the structural model of the phase HfO 2 , the re®nement leads to satisfactory reliability factors, i.e. R Bragg = 0.034 and R F = 0.028. Observed, calculated and difference patterns are presented in Fig. 1(b) . As for the F RL phase, we have tried to reduce the mean-square atomic displacements associated with the Pb nucleus in splitting its crystallographic site. However, applying this procedure no convergence could be reached. In the study of the F RL ±F RH composition-induced phase transition in the PZT series , a similar phenomenon has been reported in the compound PbZr 0.6 Ti 0.4 O 3 , which crystallizes in the F RH form. Following this result and the present study, one can assume that a correlation exists between the oxygen octahedra rotation and the Pb disorder perpendicular to the threefold axis.
From the atomic coordinates given in Table 4 the parameters s, t, d and e were derived for the two ferroelectric phases F RL and F RH . Regarding the octahedron deformations, the extracted values of d and e (Table  4) compare well with those obtained by Glazer et al. (1978) and Ito et al. (1983) on PbZr 0.9 Ti 0.1 O 3 , by Noheda et al. (1996) on an Nb-doped Zr-rich PZT compound and more recently by Corker, Glazer, Kaminsky et al. (1998) on the series PbZr 1Àx Ti x O 3 with x ranging from 0.12 to 0.40. The parameter d slightly decreases from À0.0032 at 10 K to À0.0029 at 290 K, the negative value signifying that the upper face of the octahedron is larger than the lower. The bond lengths given in Table 5 corroborate this interpretation since the O l ÐO l distances on the lower face are largely smaller than the O u ÐO u distances on the upper face. On the other hand, the tilt angle 3 was deduced from the parameter e re®ned in the phase F RL . Between 10 and 290 K the rotation angle decreases from 6.0 (2) to 3.9 (3)
. In the intermediate phase F RH , in agreement with the extinction of superstructure re¯ections, the octahedra rotation disappears, but the octahedral distortion subsists (d = À0.0028 at 440 K).
Concerning the Pb 2+ and Hf 4+ / Ti 4+ displacements, the two parameters s H and t H directly give the cation shifts (expressed in A Ê ) along the ferroelectric axis relative to the oxygen octahedron (Table 4 ). The Hf 4+ /Ti 4+ displacements are directed from the lower octahedron face to the upper, this being consistent with the negative value of the parameter d (the smaller oxygen triangle corresponds to the face more distant from the shifted cations). From the parameter t H , which slightly decreases from 0.18 to 0.15 A Ê between 10 and 440 K, it is shown that the pseudonucleus Hf/Ti is much closer to the centre of the oxygen octahedron than Ti in the tetragonal PbTiO 3 , i.e. 0.30 A Ê along the [001] tetra axis (Shirane et al., 1956; Glazer & Mabud, 1978) , but this displacement is quite similar to that of Hf atoms in the orthorhombic PbHfO 3 , i.e. 0.17 A Ê along the [100] orth orthorhombic direction (Corker, Glazer, Kaminsky et al., 1998; .
On the other hand, the Pb 2+ shifts along the ferroelectric axis which vary in the range 0.48±0.33 A Ê from 10 to 440 K are greater than Hf 4+ /Ti 4+ ones. The Pb displacements are similar Table 5 Bond lengths (A Ê ).
NB Indexes used to distinguish O atoms: l for lower faces of the oxygen octahedra and u for upper faces. (Muller et al., 1999) or in PbTiO 3 (Shirane et al., 1956; Glazer & Mabud, 1978) . The spread of the PbÐO bond lengths (Table 5) show that the Pb atoms are displaced from the distorted 12-fold-coordinated site which is cubic in the case of the idealized perovskite structure.
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Paraelectric cubic phase P C
A full pro®le ®tting re®nement was also performed on the diffraction pattern registered at 520 K (Fig. 1c) . The diffracted intensities were calculated from the idealized perovskite-type structure corresponding to a non-distorted octahedral model (Table 3) . After preliminary re®nement to establish the scale factor and the pro®le parameters, several cycles were performed in re®ning three independent isotropic atomic displacements parameters together with the composition ratio x. The re®nement leads to unsatisfactory reliability factors (R Bragg = 0.068 and R F = 0.054) even if the Hf chemical occupancy was determined to be equal to 0.79 (1), a value in good agreement with previous re®nements. When anisotropic oxygen displacement parameters were re®ned, the reliability factors drastically decreased (R Bragg = 0.039 and R F = 0.025). The resulting oxygen displacement parameters exhibit an anisotropy with disc-shaped ellipsoids parallel to the faces of the cube.
Furthermore, an abnormally high value of the isotropic atomic displacements parameter B iso [Pb] associated with the Pb nuclei is also observed in this high-temperature paraelectric phase. Similar phenomena have already been noticed in the high-temperature phase of the parent compound PbHf 0.4 Ti 0.6 O 3 (Muller et al., 1999) and in other perovskitetype structures (Nelmes et al., 1990; Kwapulinski et al., 1994; Malibert et al., 1997) . When the Pb 2+ cation is moved from its high-symmetry position (0, 0, 0) to the (0.05, 0.05, 0) position, the re®nement is slightly improved (R Bragg = 0.038) and the isotropic atomic displacements parameter B iso [Pb] drastically decreases from 4.4 to 1.8 A Ê 2 . This characteristic is probably related to a dynamic or static disorder around the Pb highsymmetry position.
Neutron powder thermodiffractometry
From the sequential re®nements of a number of structural parameters, some quantitative results have been extracted from the neutron powder thermodiffractometry data. To avoid correlations, only few parameters were simultaneously re®ned: cell parameters, atomic positions and an overall atomic displacements parameter B overall of the phase PbHf 0.8 Ti 0.2 O 3 , together with the monoclinic lattice constants of HfO 2 . The two rhombohedral structures of the phases F RL and F RH were re®ned from the crystallographic model given in space group R3c (Table 3) . Above the F RL ±F RH transition, the constraint on the oxygen atomic coordinates was applied (y O = 2x O ). Finally, the high-temperature cubic phase P C was described from the idealized perovskite-type structure. Fig. 2 shows the temperature-dependent evolution of the diffraction patterns between 350 and 580 K. It clearly exhibits the occurrence of the ®rst phase transition through the vanishing of the weak superstructure re¯ections (at 2 9 62 for instance), the second one being noticeable from the strong variations in the intensities of the main re¯ections (at 2 9 36 ).
Lattice expansion
From the sequential data treatment, the lattice expansion has been studied as a function of the temperature. In order to compare the thermal behaviour of the various phases (rhombohedral and cubic), the cell parameters are given with reference to the crystallographic axes, either hexagonal (Figs. 3a and 3c) or rhombohedral (Fig.  3b) , corresponding to the low-temperature phase F RL . Important changes are observed over the whole temperature range, especially between the two phase transitions which clearly appear at 415 and 520 K. Below 415 K, in the phase F RL , the hexagonal cell volume is expanded even if the c hex axis shows a slight contraction. Above 520 K, in the paraelectric phase, the thermal expansion exhibits a typical linear behaviour along with the temperature. In contrast, in the intermediate phase F RH , a strong shrinking of the structure occurs along the ferroelectric axis [001] hex , although a hex presents a regular evolution. These important changes lead to a negative thermal expansion noticeable from the thermal dependence of the hexagonal unitcell volume (Fig. 3c) . Temperature dependence of the neutron powder diffraction patterns (in the range 32±72 in 2) from 350 to 580 K. For clarity, the intensities of the strong main re¯ections have been truncated.
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In Fig. 3(b) the rhombohedral angle reaches a value of 59.75 at 300 K and increases gradually with increasing temperature. From this evolution, the ferroelectric to-paraelectric transition seems to be continuous and the F RL ±F RH phase transition is quite undetectable.
Structural parameters
From structural re®nements the evolution of the oxygen octahedral deformations has been analysed as a function of temperature. Fig. 4(a) ®rstly shows the variation of the parameter Àd, which describes the distortion of the oxygen triangles perpendicular to the triad axis. As previously observed from high-resolution neutron powder diffraction data, the negative sign of d indicates that the upper face is larger than the lower one. Furthermore, the decrease in d with increasing temperature shows that the oxygen triangles are less and less distorted until the F RH ±P C phase transition. Then, in the cubic phase P C , the octahedra are regularly shaped. However, one can notice a slight discrepancy between the values determined by the two data sets which can be explained by the low resolution of D1B, providing less accurate atomic coordinates. Furthermore, Fig. 4(a) also shows the thermal evolution of the parameter e, which is related to the rotation of the octahedral faces around the triad axis. This parameter decreases continuously with increasing temperature, indicating a slow vanishing of the tilt angle 3 until the F RL ±F RH phase transition. Above 415 K, only the distortion of the oxygen triangles persists.
Besides the oxygen octahedral deformations, the evolution of the cation shifts has been studied as a function of the temperature (Fig. 4b) . The two parameters s and t decrease along with the temperature, but the evolution of s seems to be more regular than t. Indeed, the parameter t decreases smoothly until the ®rst phase transition and then drops abruptly to zero at the ferroelectric to-paraelectric phase transitions. Evolution with temperature of the parameters d and e describing (a) the octahedral deformations and (b) the parameters s and t related to the cation shifts along the ferroelectric axis.
Static and dynamic disorder
An overall isotropic atomic displacement parameter B overall , taking into account the mean-square displacements of all the atoms of the structure, has been re®ned based on temperature together with the other structural parameters. A plot of this parameter versus temperature is given in Fig. 5 . It appears to increase linearly between 300 and 520 K and above 520 K a change in slope occurs, with a smaller increase with temperature. The temperature at which this deviation is observed corresponds to the ferroelectric-to-paraelectric phase transition. Therefore, the thermal behaviour of this parameter shows low-and high-temperature regions associated with the ferroelectric and paraelectric domains, respectively. In fact, the atomic displacement parameters can be separated into two components, i.e. static and thermal contributions: B exp = B static + B thermal (Willis, 1973) . Therefore, at T = 0 K, only the static contribution persists. In our case, the extrapolated values at 0 K of the two regimes (guidelines depicted in Fig. 5 ) seem to indicate a static contribution only for the paraelectric domain: the value at 0 K is of $1.7 A Ê 2 , corresponding roughly to a static displacement of $0.15 A Ê .
This peculiar behaviour characterizes a large static local disorder in the high-temperature cubic phase P C . Considering the results developed in x4.2, it is probably essentially due to Pb atoms which present a strong disorder in the paraelectric phase. On the other hand, the disorder on the Pb sites in the ferroelectric phases, mentioned in x4.1, has been shown to increase with temperature, thus indicating a possible dynamic contribution. This behaviour could explain why the extrapolation of the ferroelectric region gives no or a very weak static contribution in Fig. 5 . However, further experimental evidence is needed to ascertain if the displacements in the ferroelectric region are predominately dynamic.
Discussion
From the results presented in x4 and x5, some physical parameters have been derived from the hexagonal cell parameters and structural parameters. In the following the experimental points obtained from the treatment of the diffraction data collected on the instrument 3T2 are indicated by arrows in the ®gures, the remaining points corresponding to the sequential analysis performed on the data registered on the diffractometer D1B.
Octahedral tilts and deformations
Using the relation tan 3 43 1a2 e, the tilt angle 3 derives directly from the structural parameter e. Its thermal evolution is plotted in Fig. 6 . The angle 3 exhibits a smooth decrease with temperature and seems to indicate a continuous transition between the two rhombohedral phases F RL and F RH . The disappearance of the oxygen octahedral rotation in the intermediate ferroelectric phase is related to the vanishing of the superstructure re¯ections evidenced in Fig. 2 .
The tilt angle and the hexagonal cell parameters (with a hexagonal cell of height c hex 9 14 A Ê ) are coupled through an additional parameter , called octahedron strain (Megaw & Darlington, 1975) , which expresses the¯attening or elongation of the oxygen octahedra along the triad axis. This parameter takes the form
For each temperature, this parameter has been calculated and its thermal evolution from 10 to 770 K is presented in Fig. 7 . In the paraelectric cubic phase P C , the octahedra are regularly shaped and = 0. Below 520 K the octahedral strain reaches positive values corresponding to an elongation of the octahedra along the triad axis. Its thermal behaviour reveals two regimes on both sides of the F RL ±F RH phase transition: from 10 to $400 K, the strain gradually increases along with the temperature and then drops abruptly to be equal to zero at the second phase transition. As reported by Megaw & Darlington (1975) , for many other perovskite-type structures the octahedron strains are generally negative (¯attening along the triad axis) and decrease when the tilt angle 3 decreases. In our case, in the ferroelectric phase F RL the parameter increases, although the tilt angle decreases (Fig. 6 ). This phenomenon Plot versus temperature of the overall atomic displacement parameters.
Guidelines show ®tting to high-temperature and low-temperature regimes. Extrapolations at 0 K indicate the static contribution.
Figure 6
Experimental variation of the oxygen octahedron tilt angle 3 with the temperature and calculated curve obtained from the generalized effective-®eld theory.
has also been observed on the PZT series when the F RH phase is approached by decreasing the Zr content .
Cation displacements
For the two polar space groups R3m and R3c, the shifts of the Pb 2+ and Hf
4+
/Ti 4+ cations along the ferroelectric axis with respect to the oxygen octahedral centre (represented by the parameters s H and t H ) have been studied from 10 to 770 K (Fig. 8) . Following the results developed in x4, the Pb 2+ cations are more largely displaced than the Hf/Ti pseudo-nuclei. Their thermal behaviours indicate a smooth decrease in the lowtemperature rhombohedral phase and then a more abrupt one in the intermediate phase F RH . The non-vanishing of the parameter s H at 520 K can probably be associated with the static disorder on the Pb site evidenced in the paraelectric phase. One can suppose that a local polarization exists in one unit, but with the cations being statistically disordered, the long-range order (over a few unit cells) imposes a non-polar crystal.
Spontaneous polarization P S
The cation shifts being directly related to the ferroelectric character of the perovskite-type structures means that polarization due to the relative ion displacements can be estimated. This polarization is proportional to AE i z i q i aV, where z i is the shift along the ferroelectric axis of the ith ion carrying a charge q i and V the volume of the unit cell. Our calculation is based on the assumption of a purely ionic crystal and neglects the electronic polarization. However, our values compare well with those calculated by Ito et al. (1983) and the difference between our calculated spontaneous polarizations and those measured on Zr-rich PZT for instance is usually small (Glazer et al., 1978) . Besides, to discuss the character of the transition it is suf®cient to have the relative variation of the polarization as a function of temperature. Fig. 9 shows the thermal evolution of the spontaneous polarization calculated from the structural parameters. Following the temperature-dependent evolution of the cation shifts, the spontaneous polarization slowly decreases in the low-temperature phase F RL and rapidly vanishes in the intermediate phase. Above 520 K, P S is equal to zero, in agreement with the paraelectric state. Furthermore, the polarization presents no change at the onset of the tilting F RL ± F RH transition, but the small discontinuity of derivatives associated with cation-shift thermal evolution (Fig. 8) could indicate a probable weak correlation between the octahedron tilt and the cation shifts.
6.4. Nature of the phase transitions 6.4.1. Effective-field theory. Previous works (Noheda et al., 1995; Cereceda et al., 1997) have shown that in the mixed system PbZr 1 À x Ti x O 3 , the behaviour of the spontaneous polarization and the oxygen octahedral tilt angle 3 could be analysed from a generalized effective-®eld theory.
To describe the temperature dependence of the polarization order parameter p S , the effective ®eld E eff is expanded in powers of the polarization P E eff E XP XP 3 XP 5 XXXY Figure 7 Thermal evolution of the octahedron strain expressing the¯attening or elongation of the oxygen octahedra along the triad axis.
Figure 8
Thermal evolution of the cation shifts (given in A Ê ) with respect to the oxygen octahedral centre: s H and t H are associated with the Pb 2+ and Hf 4+ / Ti 4+ cations displacements, respectively.
Figure 9
Spontaneous polarization calculated from the cell parameters and cation shifts. Its thermal behaviour is given between 10 and 770 K. The continuous line corresponds to the calculated curve from the effective®eld theory. generalized effective-®eld approach for analysing both tilt and polarization order parameters implied in the two transitions F RL ±F RH and F RH ±P C undergone in the compound PbHf 0.8 Ti 0.2 O 3 .
6.4.2. Tilt order parameter. Fig. 6 shows the thermal behaviour of the tilt angle 3 determined from our neutron powder diffraction data. The theoretical curve (full line) is calculated from (2) with x S = 0. To adjust the experimental points we have used a ®tting procedure, based on a leastsquares minimization, requiring the tilt angle t at T = 0 K and the Curie temperature T ct (not known experimentally), and in which g t and h t are re®ned. The best adjustment was obtained for a tilt angle of 6.04 at 0 K and a temperature T ct = 412 K. The second-order character of the transition is attested by the gradual decrease of 3 with increasing temperature. More formally, the continuous character of this transition is con®rmed by the negative value of the parameter g t = À0.34 (10) [h l = À0.36 (26)]. Indeed the value g t = 1/3 corresponds to a tri-critical point, which is the borderline between a second-order transition (g t < 1/3) and a ®rst-order transition (g t > 1/3). Besides, for the tilt-angle order parameter the Curie temperature T ct is equal to the transition temperature T 0 (T ct = T 0 = 412 K), as usual, in a second-order transition.
6.4.3. Polarization order parameter. From the calculated spontaneous polarizations, a theoretical curve (full line on Fig.  9 ) has been calculated from (1) with e S = 0 (no external electrical ®eld). At ®rst sight we cannot predict if the polarization goes continuously to zero at the transition temperature. Therefore, a ®tting procedure, similar to that used for the tilt-order parameter, was used. It requires polarization at 0 K and the Curie temperature T c . From the best ®t we can conclude that the phase transition is`weakly' ®rst order: the re®ned parameter equal to 0.42 (6) is larger than the tricritical point value of 1/3 and T c (525.0 K) is very close to the transition temperature T 0 (525.5 K). The spontaneous polarization at 0 K is 39.4 mC cm
À2
. Thus, one can propose the existence of a tri-critical point in the PHT series for a composition x slightly larger than 20%. This result agrees well with the prediction of Cereceda et al. (1997) of a tri-critical point at x = 0.26 in the homologous PZT solid solution.
In conclusion, in the PHT series for the composition x = 0.20, the transition associated with the octahedral tilting is clearly second-order and the transition associated with polarization is weakly ®rst-order.
Conclusions
Structural investigations of the phase transitions occurring in the compound PbHf 0.8 Ti 0.2 O 3 have been performed from temperature-dependent neutron powder diffraction. The following results have been found.
(i) This compound undergoes two phase transitions at 415 and 520 K. The former, related to the vanishing of the octahedral tilt around the triad axis, can be associated with a second-order phase transition, whereas the latter, separating the ferroelectric and paraelectric regions, is weakly ®rst order in nature. The character of the phase transitions has been determined from an effective-®eld theory.
(ii) Neutron powder diffraction is a well suited technique to the localization of O atoms and is very sensitive to octahedral deformations. Our re®nements have put forward very interesting thermal evolutions of the tilt angle 3 and octahedron strain . Contrary to the observations made in the usual perovskite-type structures, the octahedron strain determined in the ferroelectric F RL phase increases when the tilt angle decreases.
(iii) A strong disorder on the Pb crystallographic sites has been evidenced in both ferroelectric and paraelectric regions. In the low-temperature ferroelectric phase F RL , a disorder perpendicular to the ferroelectric axis is observed, whereas in the cubic paraelectric phase P C the disorder can be described by displacing the Pb atoms from their high-symmetry position (0, 0, 0) to one of the 12 equivalent (x, x, 0) positions.
